Small hibernating rodents have greater maximum lifespans and hence appear to age more slowly than similar-sized non-hibernators. We tested for a direct effect of hibernation on somatic maintenance and ageing by measuring seasonal changes in relative telomere length (RTL) in the edible dormouse Glis glis. Average RTL in our population did not change significantly over the hibernation season, and a regression model explaining individual variation in post-hibernation RTL suggested a significant negative effect of the reduction in body mass over the inactive hibernation period (an index of time spent euthermic), supporting the idea that torpor slows ageing. Over the active season, RTL on average decreased in subadults but increased in adults, supporting previous findings of greater telomere shortening at younger ages. Telomere length increase might also have been associated with reproduction, which occurred only in adults. Our study reveals how seasonal changes in physiological state influence the progress of life-history traits, such as somatic maintenance and ageing, in a small hibernating rodent.
Introduction
Small hibernating mammals have longer maximum recorded lifespans than their similar-sized non-hibernating counterparts [1, 2] . This difference suggests that, because maximum lifespan is a good indicator of rates of ageing in survival [3] , hibernators experience relatively slow rates of ageing. Evolutionary theories of ageing propose that rates of ageing are determined by the timing of a decline in selection pressure owing to extrinsic-caused mortalities [4] . Accordingly, there is a strong, nonlinear relationship between survival in the wild and rates of ageing [3, 5] . This relationship can ultimately explain the relatively slow ageing of hibernating mammals because when maximum lifespan is plotted against annual survival rate, rather than body mass, hibernators do not differ from other mammals [1] . This suggests that a hibernation-specific mechanism is not required to explain the slower ageing of small hibernating mammals. Despite this, a small number of studies have found strong correlations between the use of daily torpor or hibernation and indices of rate of ageing [6] [7] [8] , suggesting that torpor expression by endothermic animals might have a physiological effect on rates of ageing [9] .
Telomeres are repeated sections of DNA that, along with associated proteins, ensure the integrity of the ends of chromosomes [10] . Telomere length dynamics have been correlated with rates of ageing and can predict future survival [11, 12] . However, whether telomeres directly contribute to, or merely are affected by, the processes causing ageing is not known [13] . Telomeres shorten with age owing to incomplete DNA replication during mitosis, but the amount of shortening is largely dependent on accumulated oxidative damage to the triple guanine base pairs of the vertebrate telomere sequence [14] . Telomerase can increase telomere length, and is active in somatic tissues of small rodents [15] , but its restorative ability is also diminished by oxidative stress [16] . To test for an effect of torpor use on rates of ageing, we measured changes in telomere length over the active and hibernation seasons in a small hibernating rodent (edible dormouse Glis glis, 120-220 g).
Material and methods
We estimated relative telomere length (RTL) by a quantitative PCR technique (see the electronic supplementary material) using DNA extracted from ear tissue punches taken at three time points: pre-hibernation (29 Sept., autumn 2011), posthibernation (22 June, spring 2012) and post-active season (23 Aug., autumn 2012). The edible dormouse hibernates for more than eight months of the year, and samples were taken at the earliest and latest opportunities when all individuals in our study were active. In a preliminary study, we found that estimates of RTL from ear tissue and cells swabbed from inside the mouth were closely correlated (n ¼ 5, R 2 ¼ 0.77). Samples were taken from 19 captive individuals living in outdoor enclosures located at 370 m a.s.l. near Vienna, Austria (48810 0 N, 16820 0 E). All dormice experienced similar ambient conditions and hibernated in burrows dug below the ground. At the beginning of the experiment, 12 individuals (5 f, 7 m) were juveniles born earlier in the same year and became sub-adults (i.e. still growing but capable of reproduction) after their first hibernation season, and eight were adults (3f, 5m) aged from 3 to 6 years. Both males and females lived together among several cages (6 Â 4 Â 3 m) and, therefore, had the opportunity to breed during the experiment. Hibernation duration was estimated from the dates of above-ground activity, which we determined weekly by checking nest-boxes and searching the enclosures. At these times, we captured and weighed all active animals, checked the reproductive status of females and measured testis length of males [17] . From the difference in estimated RTLs and the duration between sampling times, we calculated a daily rate of change in RTL for each individual over the hibernation and active seasons.
To analyse these data, we first tested for differences between age classes and seasons in the mean of daily change in RTL for the population. We then fitted linear models to explain variation in RTL among individuals at the end of each season. We simplified global models including probable explanatory variables on the basis of minimizing values of the second order Akaike's information criterion, which is a measure of goodness of fit penalized by the number of parameters [18] . We started with a global model explaining post-hibernation RTL (in spring 2012) that included: pre-hibernation RTL (in autumn 2011), age class (sub-adults or adults), sex, body mass, hibernation duration and the reduction in body mass over the inactive hibernation period. We started with a global model explaining post-active season RTL (in autumn 2012) that included: post-hibernation RTL (in spring 2012), body mass loss over the preceding winter, age class and sex.
Results
We found a significant interaction between the effects of season and age class on the mean daily rate of change in RTL for the population (figure 1; for individual data see the electronic supplementary material, table S1). Over the hibernation season, the mean daily change in RTL did not significantly differ from zero for either sub-adults ( p ¼ 0.10) or adults ( p ¼ 0.47). Whereas, over the active season, we found a significant rate of decrease in RTL for sub-adults ( p , 0.01), but an increase in RTL for adults ( p ¼ 0.02). The rate of change in RTL over the active season differed significantly between sub-adults and adults ( p , 0.001).
The most parsimonious model explaining individual variation in post-hibernation RTL in spring 2012 included a strong negative effect of an individual's reduction in body mass over the hibernation duration, in addition to effects of age class, body mass and initial pre-hibernation RTL in autumn 2011 (table 1a; figure 2).
Individual variation in post-active season RTL in autumn 2012 was explained by a model including only the effects of age-class and post-hibernation RTL in the preceding spring 2012 (table 1b) . When separate models were fitted to data for each sex, we found no effect within males of testis size on post-active season RTL in autumn 2012, but we did find a positive effect within females of reproduction on postactive season RTL in a model that also included effects of age class and RTL in spring.
Discussion
We found seasonal and age effects on changes in telomere length in a small hibernating dormouse, Glis glis. The mean RTL of our study population remained largely unchanged over the winter hibernation season, whereas over the active season, telomeres shortened in sub-adults, but lengthened in adults. At the individual level, variation in posthibernation RTL was partly explained by the reduction in body mass over the period of inactivity, which we know is a positive linear function ( p ¼ 0.003) of time spent euthermic during hibernation in our captive population of edible dormouse [17] . These results for a hibernator, therefore, agree with our previous findings for daily torpor in the Djungarian hamster, Phodopus sungorus [8] , that torpor use is positively related to the change in telomere length over winter.
We can only speculate on the mechanisms linking torpor use with telomere dynamics and possibly also ageing. Studies do not support a simple relationship between metabolic rate and telomeres [8] or ageing [19] . The production of reactive oxidative species is minimized by the very low metabolic rsbl.royalsocietypublishing.org Biol Lett 9: 20121095 rate during torpor but is invoked by the massive increase in metabolic rate during arousal from torpor [20] . Thus, animals losing more weight over hibernation, and hence arousing more frequently from torpor, might have suffered greater oxidative stress than other animals. Alternatively, both torpor use and telomere dynamics might be affected by other physiological changes associated with the winter season. For example, hibernation might be associated with a physiological state of enhanced somatic maintenance, which could affect both the loss and restoration of telomeres. Unlike in humans, many small rodents express telomerase activity in somatic tissues [15] , although no data are available for Glis glis. Telomere lengthening has been reported in mice [21] . One study of a bat reported that telomerase activity was significantly greater during hibernation [22] . If telomere dynamics is indicative of oxidative stress and physiological condition, our study supports the hypothesis that hibernation enhances the maintenance of cellular homeostasis and, therefore, might slow the rate of ageing. We also found strong effects of age class on telomere dynamics. In sub-adults, telomere length increased during hibernation and shortened during the active season. The spring following birth is the first breeding opportunity for edible dormice and many other animals born in a cold temperate climate. It is critical for their fitness to survive and maintain physiological function over the first winter season. A study of Djungarian hamsters (P. sungorus) found that exposure to a short-day photoperiod, which triggers a winter phenotype including the use of daily torpor, delayed ageing of the reproductive system relative to individuals kept under a long-day photoperiod [23] . Telomere length in juvenile finches is a predictor of future lifespan [24] . A positive effect of hibernation on telomere dynamics in young animals, therefore, might be associated with increased adult fitness.
Over the active season, we found that telomeres shortened in sub-adults but lengthened in adults. Telomeres generally shorten more rapidly in young animals than adults, perhaps as a consequence of growth and sexual development [24] . The sub-adult dormice in our study continued to grow through their first active season and a physiological cost of growth could account for their decrease in RTL. An age-class effect on change in RTL in females was confounded, however, by the fact that no subadults and all adult females reproduced in the active season. Yet an age-class effect was also apparent within males, irrespective of testis size, lending support to a negative effect of age rather than a positive effect of reproduction on telomere length.
Further studies are required to understand the broader ecological significance of torpor and hibernation in the context of changing environmental conditions [25] . Small mammals use torpor to cope with sporadic or seasonal reductions in food energy availability. We suggest that, more generally, torpor and hibernation are part of a physiological state enhancing survival and maintenance of physiological condition over times of unfavourable environmental conditions, analogous to the 'waiting' state of reproductive dormancy in Drosophila [26] . Telomere dynamics provides a Figure 2 . Partial residual plots of (a) age class and (b) body mass loss over the hibernation season (an index of torpor use: less body mass loss ¼ greater torpor use) estimated from the best-fitting model, which also included significant effects of body mass and relative telomere length at the pre-hibernation sample time point (see table 1 for model parameters).
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